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Abstract

In order to better incorporate microstructures in continuum scale models, we use a novel fi-
nite element (FE) meshing technique to generate three-dimensional polycrystalline aggregates
from a phase field grain growth model of grain microstructures. The proposed meshing tech-
nique creates hexahedral FE meshes that capture smooth interfaces between adjacent grains.
Three dimensional realizations of grain microstructures from the phase field model are used in
crystal plasticity-finite element (CP-FE) simulations of polycrystalline α-iron. We show that
the interface conformal meshes significantly reduce artificial stress localizations in voxelated
meshes that exhibit the so-called “wedding cake” interfaces. This framework provides a direct
link between two mesoscale models - phase field and crystal plasticity - and for the first time
allows mechanics simulations of polycrystalline materials using three-dimensional hexahedral
finite element meshes with realistic topological features.
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1 Introduction

Nearly all metallic materials used in every engineering application are composed of many grains.
Most engineering-scale continuum models, however, ignore heterogeneous material properties
arising from individual grains and use homogeneous, averaged properties from measurements on
polycrystals. Meso-scale models, e.g. crystal plasticity (CP), use constitutive descriptions applied
to individual grains and thus microstructural effects, e.g. grain morphology (grain size and shape)
and texture (grain orientation), are directly considered. CP models are now widely implemented
into finite element method (CP-FEM) and are used to simulate deformations of polycrystals to pre-
dict texture and mechanical responses [25, 15, 4, 11, 27, 10, 32]. In these finite element (FE)-based
models, it is critical to accurately reproduce realistic three dimensional microstructures. However,
accurate modeling of polycrystalline material is hindered by two significant shortcomings in the
current capabilities to reproduce realistic three dimensional grain-scale microstructures.

Most FE-based polycrystalline models use idealized grain shapes or Voronoi tessellations (Fig-
ure 1 (b) ) to create three dimensional microstructures as [7, 5, 31, 22]. In principle, there are
no topological constraints on the resulting Voronoi polyhedral cells or grains. As a result, these
methods fail to satisfy several geometrical characteristics that are present in real microstructures.
For example, in isotropic systems the equilibrium angles at triple junctions, where three grains
meet, are all 120◦ (the Herring condition). In addition, distributions of the number of faces and
edges obey specific criteria in nature (Euler’s rules). More realistic three dimensional microstruc-
ture can be reproduced with considerations of materials and physics, i.e. surface energies and/or
energy minimizing shapes, using the grain growth phase field model. A three dimensional phase
field grain growth model provides more physically-based microstructures that resembles real mi-
crostructure as shown in Figure 1 (a) and (c).

Figure 1. Polycrystalline microstructures from (a) electron back
scatter diffraction (EBSD), (b) Voronoi tesselation and (c) phase
field grain growth model.

A 3D microstructure constructed from experiments (serial sectioning EBSD) or computational
tools, i.e. phase field or Monte Carlo grain growth models, usually conforms to a uniform grid.
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Thus, CP-FEM polycrystalline models generated from these data generally have cubic hexahe-
dral elements. However, representing microstructural features using cubic finite elements leads
to voxelated surfaces, or the so-called wedding cake interfaces [7]. This problem cannot be easily
corrected by refining the mesh. Instead, conforming smooth boundaries at microstructural features,
i.e. grain boundaries, are required to eliminate the artifacts that arise from voxelated geometries.
This becomes more important if we consider highly localized events, e.g. crack initiation, damage
and fracture. However, Sandias meshing tools (Cubit) as well as existing commercial software
(DREAM.3-D) do not yet have a capability to create splined three dimensional meshes using data
from either simulations or experiments. Previously, polycrystalline mesh using tetrahedral finite
elements are proposed [26] but hexahedral finite elements are usually favored in many FE applica-
tions.

In this work, we use a novel meshing technique in Cubit Meshing and Geometry Toolkit to
create three dimensional finite element meshes of polycrystalline materials from grid based phase-
field grain growth model. Enhanced Sculpt feature in Cubit creates hexahedral finite element
meshes that conform to internal interfaces or grain boundaries. Generated mesh is then use to con-
duct mechanical simulations of polycrystalline α-iron via CP-FEM model. Effects of conformal
mesh on the local and global response of polycrystalline behavior is discussed.
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2 Procedure

2.1 Conformal meshing technique

To generate a conformal mesh from a uniform grid of phase field data, the Sculpt meshing tool [24]
is used. Sculpt is a companion application to the Cubit Meshing and Geometry Toolkit developed
at Sandia National Laboratories. It is a parallel all-hex tool that utilizes an overlay grid procedure
where smooth conforming grain interfaces are extracted from phase field volume fractions. The
procedure is briefly outlined in Figures 2 (a) to 2 (d). Figure 2 (a) shows an example of Cartesian
grid of volume fractions where vi is the volume fraction of the ith grain contained within each grid
cell. Thus, ∑vi = 1.0 is satisfied. Grain interfaces are approximated using a procedure described in
[24] and grid nodes are moved to the interfaces as shown in 2 (b). Figure 2 (c) then shows a layer of
hexahedra inserted on both sides of the grain interfaces by projecting orthogonally from the local
interface tangent plane. To improve mesh quality, a smoothing step is performed to improve both
smoothness of the interface plains and the quality of the hexahedra as shown in figure 2 (d). Figure
3 shows schematics of the pillowing procedure that improves mesh quality at interfaces.

(a) (b) (c) (d) 

Figure 2. Schematics of the conformal meshing procedure: (a)
Volume fractions representing percent of grains filling each cell
in Cartesian grid, (b) grain interfaces are resolved and nodes pro-
jected to surfaces, (c) layer of hex element inserted on both sides
of interface surfaces and (d) smoothing performed on curves, sur-
faces and volume nodes.

The above procedure allows for cases where multiple grains meet at common interfaces. To
accommodate this, an underlying boundary representation (B-Rep) consisting of vertices, curves,
surfaces and volumes is constructed which serve as the basis for smoothing operations. Nodes on
curves are smoothed and projected to a Hermite approximation of the surrounding curve nodes.
Surfaces are then smoothed using a Laplacian smoothing procedure. Volume nodes are then
smoothed using a combined Laplacian and Optimization-based procedure described in [23]. Sev-
eral iterations of curve, surface and volume smoothing are performed until a minimum mesh qual-
ity metric is achieved.
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(a) (b) 

Figure 3. Schematics of the pillowing procedure: (a) Initial mesh
at curve interfaces may be poor. Note triangle shaped quad faces
between surfaces A and B. (b) Pillow layers of hexes are inserted
srrounding all hexes sharing a common surface. Darker hexes in-
dicate pillow layers. Note improved quad faces at curve between
surfaces A and B compared to (a).

As mesh quality is a critical factor in this procedure, we note instances where the grain inter-
faces may intersect the domain boundary at very small angles consequently resulting in hexes that
also have very small dihedral angles as shown in Figure 4 (a). To address this issue, Figure 4 (b)
illustrates where additional layers of Cartesian cells can be added at the boundary of the domain.
To facilitate this, volume fractions from the original boundary are copied to the new layers. This
results in interfaces that intersect with the boundary at angles closer to ninety degrees, resulting in
improved quality hexes.
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(a) (b) 

Figure 4. Mesh quality improvements: (a) Poor quality hexes
may result where grain interfaces intersect domain boundaries at
small angles. (b) Additional layers of cells added to the domain
boundaries result in improved quality for case illustrated in (a).

13



2.2 Phase field grain growth model

We employ a recently developed phase field model of grain microstructures to generate poly-
crystalline systems with various features of the grains. The model is briefly outlined here and
the reader is referred to [2, 1] for more details on the model. The starting point of the phase
field model for grain microstructures is the introduction of structural order parameters (OPs)
{φi(r, t), i = 1, · · · ,nφ} that describe grains with various crystallographic orientations. Here, r, t,nφ

denote the position vector, time and number of OPs needed to resolve the microstructure, respec-
tively. Next, a coarse-grained free energy functional of a polycrystalline system, Ftot , is proposed

Ftot =
∫

dr
[
Wφ fgrain(φi)+

nφ

∑
i

ε2
i
2
|∇φi|2

]
, (1)

where fgrain(φi) = fgrain({φi(r, t), i= 1, · · · ,nφ}) is the homogeneous free energy density and Wφ is
a parameter that sets the energy scale. The second term on the right hand side of Eq. (1) describes
grain boundary (GB) energy, where under the isotropy assumption εi = ε . The OPs are conve-
niently chosen such that the equilibrium values within a grain {φi(r, t) = 1,φ j 6=i(r, t) = 0, i, j =
1, · · · ,nφ}. Herein, we adopt the following form for the free energy density of a grain microstruc-
ture

fgrain =
4
3

1−4
nφ

∑
i=1

φ
3
i +3

(
nφ

∑
i=1

φ
2
i

)2
 , (2)

where again the minima of fgrain are located at {φi}= {1,0, · · · ,0}= · · ·= {0,0, · · · ,1}.

Within the Ginzburg-Landau formalism and with the aid of variational principles, the spatio-
temporal evolution of the OPs {φi(r, t), i = 1, · · · ,nφ} follows from the Allen-Cahn equation [3]:

∂φi

∂ t
=−Li

(
δFtot

δφi

)
, i = 1, · · · ,nφ , (3)

where under the isotropy assumption the model parameters Li = L, one for each φi, control GB
mobility. Within this treatment, the GB energy, γgb, width, δgb, and mobility, Mgb, are uniquely
determined via [1].

γgb =
2
√

2
3

ε
√

Wφ , (4)

δgb '
1.1√

2
ε√
Wφ

, (5)

Mgbγgb = Lε
2. (6)
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2.3 Crystal plasticity finite element model

In this work, BCC crystal plasticity finite element model developed at Sandia National Lab-
oratories [21, 20] was used to simulate plastic deformations of polycrystalline α-iron. Crys-
tal plasticity models use constitutive descriptions and crystal orientations applied to individual
grains and impose plastic slip along the specified slip systems. The model is based on a well-
established continuum formulation following a multiplicative decomposition of the deformation
gradient [17, 28, 13, 25, 12, 19, 18]. Assuming plastic deformation is caused by dislocation slip,
the plastic part of the velocity gradient, Lp, can be written as [25]:

Lp = ∑
α

γ̇
αsα

0 ⊗nα
0 , (7)

where sα
0 and nα

0 are the initial slip direction and the slip plane normal direction on α-th slip
system, respectively. Here, 24 {110}〈111〉 slip systems are used and for simplicity, non-Schmid
effects are neglected. The slip rate on α-th slip system, γ̇α , is represented as a power-law function
of resolved shear stress, τα and slip resistance, gα [14]:

γ̇
α = γ̇

α
0

(
τα

gα

)1/m

. (8)

where, γ̇α
0 is the reference shear rate and m is the rate sensitivity factor. The slip resistance, gα , is

composed of thermal (τ∗) and athermal (τobs) parts as follows [18]:

gα =
√
(τ∗)2 +(τobs)2, (9)

where,

τ
∗ = τcr

(
1−
(

kbT
H0

ln(ε̇0/γ̇)

)1/q
)1/p

, τobs = Aµb

√√√√ NS

∑
β=1

ρβ . (10)

Here, T is the temperature, γ̇ is the strain rate, H0 is the activation enthalpy, kb is the Boltzmann’s
constant, τcr, ε̇0 p, q and A are material constants, µ is the shear modulus, b is the Burger’s
vector, NS is the total number of slip systems, and ρβ is the dislocation density on slip system β .
Note that τ∗ represents the temperature and strain rate dependent lattice resistance term based on
dislocation-kink pair theory [29, 30, 6, 9, 18] while τobs is the athermal resistance to slip governed
by dislocation-dislocation or dislocation-obstacle interactions. It is assumed that initial dislocation
densities are identical for all 24 slip systems and the evolution of dislocation density for the α-th
slip system is obtained by a standard phenomenological equation [16]. Detailed formulation of the
model and material parameterizations for α-iron can be found in [20].
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3 Results

A new capability to construct conformal hexahedral FE meshes using the phase field data is applied
to three cases: (1) sphere grain embedded in a cubic grain, (2) two dimensional polycrystals and
(3) three dimensional polycrystal structures. Plastic deformations of each case are conducted using
CP-FEM model to investigate effects of conformal and conventional voxelated FE meshes on local
mechanical behaviors or polycrystals.

3.1 Case I: Spherical grain within a cubic matrix

An idealized configuration of a spherical grain embedded inside a cubic grain is constructed using
the phase field model as shown in Figure 5 (a). The total of 512,000 grids (80×80×80) and two
order parameters, ϕ1 and ϕ2 were used to represent two grains. Outer cubic grain (Grain 1) is
represented by ϕ1=1 and ϕ2=0, and interior sphere grain (Grain 2) is represented by ϕ1=0 and
ϕ2=1. Interfaces between two grains, representing grain boundary regions, satisfy 0< ϕ1 <1 and
0< ϕ2 <0. Using the phase field data, two FE meshes, voxelated and conformal meshes, are
generated as shown in Figure 5 (b). Here, the total of 512,000 and 540,248 eight-noded hexahedral
finite elements are used to create voxelated and conformal meshes, respectively. The total of
30,047 and 44,171 finite elements are used to represent inner sphere grain (Grain 2) in voxelated
and conformal meshes. It is shown that conformal mesh accurately represents smooth curvature
of the sphere. On the other hand, Figure 6 (a) clearly shows limitation of the voxelated mesh in
representing the smooth interface, even with relatively fine element sizes.

Two FE meshes shown in Figure 5 (b) are used to simulate uniaxial tension with CP-FEM
model parameterized to α-iron. Initial crystal orientations of φ1 = Φ = φ2=0 for Grain 1 and
φ1 = 90◦, Φ= 135◦ and φ2 = 54.7◦ for Grain 2 using Bunge Euler angles are assigned, respectively.
Displacements along the x-direction are applied up to 10% engineering strain at a nominal strain
rate of 10 −4 s−1. Figure 6 (a) shows simulated stress strain responses of the bicrystal using two FE
meshes. It is shown that the mesh has negligible effect on the macroscopic response of bicrystals,
less than 0.1 % deviation in engineering stress at 10 % deformation.

Figure 6 (b) shows von Mises stress distributions at 10 % deformation using voxelated and
conformal FE meshes. It is shown that overall stress distributions through the thickness of Grain
1 is similar but higher stress localization is observed for voxelated mesh. To compare stress local-
izations quantitatively, Figure 7 illustrates von Mises stresses of the surface elements in Grain 2 at
mid z-plane. Higher von Mises stress values along the surface of the Grain 2 are predicted using
the voxelated FE mesh. The maximum von Mises stresses of the surface elements in Grain 2 at
10 % deformation are 121 MPa and 105 MPa for voxelated and conformal meshes, respectively.
Thus, approximately 15 % deviation in the maximum von Mises stress is observed. Also note
that the stress fields around the sphere grain is not continuous for the voxelated mesh. This result
clearly shows that the voxelated mesh may induce spurious local stress localizations despite it is
not clearly shown in global responses.
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φ1=1 
φ2=0 

φ1=0 
φ2=1 

φ1 φ2 

1 

0 

0 

1 Grain 1 

Grain 2 y 

z x 

(b) FE mesh 

(a) Phase field data 

Voxelated FE mesh Conformal FE mesh 

Figure 5. A sphere grain (Grain 2) embedded in a cubic grain
(Grain 1). (a) Phase field representation of a cubic bicrystal spec-
imen and (b) corresponding FE mesh using voxelated and confor-
mal FE meshes.
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Figure 6. Plots of (a) predicted stress-strain responses of bi-
crystal specimens using conformal and voxelated meshes and (b)
predicted von Mises stress after 10 % deformation along x direc-
tion.
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Figure 7. Predicted von Mises stress distribution in surface ele-
ments of the sphere grain (Grain 2) at the center of z-plane using
voxelated and conformal finite element meshes at 10 % deforma-
tion.
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3.2 Case II: Two-dimensional polycrystals

The second test case conducted in this work used series of two dimensional microstructure obtained
from a phase field grain growth simulations. Different polycrystalline microstructures with varying
grain sizes are obtained from different time steps of the grain growth simulation. The total of
131,072 (256× 256× 2) grids and 100 order parameters are used in the phase field simulation.
Figure 8 shows snapshots of the polycrystalline microstructures from phase field grain growth
simulations at four time steps having 16 - 127 grains. Grain boundaries are represented by G =

n
∑

i=1
ϕ2

i (1−ϕi)
2 where, ϕi is the ith order parameter and n is the total number of order parameters.

Note that G is non-zero for grain boundary regions and zero for grain interior.

(a) Step 20: 127 grains (b) Step 54: 59 grains (c) Step 96: 36 grains (d) Step 294: 16 grains 
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Figure 8. Snapshots of microstructures from phase field grain
growth simulations and corresponding FE meshes at various time
steps having 16 - 127 grains.

Using four phase field results, corresponding conformal meshes having approximately 200,000
hexahedral FE are generated as shown in Figure 8. Two finite elements through the thickness (z-
direction) are used to maintain good aspect ratios. Figures 9 (a) and (b) show one example of phase
field data and corresponding finite element mesh at time step 20 having 127 grains. It is shown
that approximately four grids are used to represent grain boundaries in the phase field model and
the conformal mesh accurately reproduced curved grain boundaries and sharp triple junctions.
Also note that triple junctions tend to form 120◦ between grain boundaries at all triple junctions
which is not the case in most idealized representation of the polycrystalline microstructure, e.g.
conventional Voronoi tessellations.

Similar to Case I, plastic deformations of four polycrystals are simulated using CP-FEM model.
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(b) Conformal FE mesh (a) Phase field data  

Figure 9. Plots of (a) phase field grain growth model and (b)
FE representation of the two dimensional polycrystals at time step
20 having 127 grains. Curved grain boundaries and sharp triple
junctions are accurately reproduced by the conformal FE mesh.

Each grain is assigned with random initial crystal orientations and deformed up to 10% along x-
direction. Figure 10 (a) shows predicted stress-strain responses of polycrystalline specimens hav-
ing different number of grains and grain sizes. It is shown that flow stress is increased with the
decreasing grain sizes or increasing grain numbers. Note however that the current plasticity model
does not account for the effects of grain size on mechanical response, i.e. the Hall-Petch effect,
which would require consideration of dislocation - grain boundary interactions. Observed distribu-
tion in macroscopic stress-strain response may attribute to local grain orientations and neighboring
effects that alters local stress concentrations. This effect can be observed in Figure 10 (b), where
von Mises stress distributions at 10 % deformation are compared for different microstructures. It
is shown that the more localized stress is observed near the grain boundaries and triple junctions
and their effects are more significant for microstructures having more grains.

The procedure outlined above is a promising method to directly connect thermodynamically
driven grain growth model to mechanics simulation. In particular, local phenomena near the grain
boundary can be better investigated by physically-based representation of the polycrystalline do-
main and finite element meshes that conform to boundaries [8].
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Figure 10. Plots of (a) predicted stress strain responses of poly-
crystals and (b) von Mises stresses at 10% deformation having 127
grains, 59 grains, 36 grains and 16 grains. Stress localizations are
observed near the grain boundaries and triple junctions.
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3.3 Case III: Three dimensional polycrystals

A three dimensional polycrystalline microstructure is constructed using the phase field grain growth
simulation as shown in Figure 11 (a). The totals of 884,736 grids (96×96×96) and 20 order pa-
rameters are used to represent 52 grains. Using the phase field data, voxelated and conformal
meshes are constructed with 884,736 and 1,277,808 hexahedral elements, respectively. Figure 11
(b) shows FE meshes of a polycrystalline and one grain at the center of the domain (Grain 9) using
two meshing techniques. Similar to simplified cases, Case I and II in the previous sections, smooth
surfaces of individual grain are accurately captured by the conformal mesh.

Conformal FE mesh Voxelated FE mesh 

y 

z x 

(a) Phase field data 

0 

0.15 

ϕi
2 1−ϕi( )2

i=1

n

∑

(b) FE mesh 

Figure 11. Three dimensional polycrystalline microstructure
constructed from (a) phase field data and (b) FE representation
of the polycrystal using voxelated and conformal meshing tech-
niques.

Uniaxial tensions of the three dimensional polycrystalline specimen are simulated using vox-
elated and conformal FE meshes. Displacements along the x-direction are applied up to 10 %
engineering strain at a nominal strain rate of 10 −4 s−1. Figures 12 (a) and (b) show predicted
stress strain response and von Mises stress distributions using two FE meshes, respectively. Sim-
ilar to Case I, CP-FEM simulations using conformal and voxelated meshes show relatively small
difference in macroscopic response. On the other hand, Figure 12 (b) illustrates that the confor-
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mal mesh can resolve more detailed stress distributions, especially near the grain boundaries and
triple junctions. This may attributed to interface conformal mesh as well as finer elements near
the boundaries, generated from the Sculpt operation. More importantly, as clearly shown in Grain
11, the conformal mesh eliminates spurious stress localizations observed at the grain surface in
voxelated mesh.

Grain 15 

Grain 11 
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MPa 

Conformal FE mesh 

Grain 15 

Grain 11 

150 

30 
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y 

z x 

Voxelated FE mesh 

(a) Stress strain response 

(b) VM stress at 10% deformation 

Conformal mesh 
Voxelated mesh 

Figure 12. Predicted stress strain responses and von Mises stress
distributions von Mises stress distributions at 10 % deformation
using (a) voxelated and (b) conformal meshes.

In order to quantitatively compare inter and intra-granular local stress fields predicted from two
meshing techniques, von Mises stresses profiles along the x-direction at mid z-plane are obtained
as shown in Figure 13. Note that A and B correspond to a grain boundary and triple junction within
a polycrystalline microstructure. It is shown that von Mises stress predictions using two meshes
show similar distributions inside the grain while relatively large deviations were observed near
the grain boundary (point A) and triple junction (point B). In particular, voxelated mesh showed
large stress localization near the triple junction; von Mises stress values are 78 MPa and 128 MPa
at point B for the conformal and voxelated meshes, respectively. This result again exhibits that
voxelated mesh may induce incorrect stress localizations and may not be suitable for modeling
local phenomena.
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A B

A
B

Figure 13. Predicted von Mises stress profiles along the x-
direction at mid z-plane of the specimen using the conformal mesh
and voxelated mesh. Von Mises stress profiles along the dashed
lines are plotted at 10 % deformation.

In addition to local mechanical responses, effects of mesh on texture evolution is investigated
by plotting crystal orientations before and after in rolling direction (RD), transverse direction (TD)
and normal direction (ND) within the unit stereographic triangle. Figure 14 shows plots of initial
(black data points) and deformed texture (color contours). Here, an occurrence of crystal orienta-
tion data within a unit area of the stereographic triangle is normalized by the random occurrence.
The spread in the initial crystal orientations within a grain are observed in the deformed texture.
Similar to macroscopic stress-strain response, overall predicted texture using voxelated and con-
formal FE meshes show good agreement. However, crystal orientations tend to spread more for a
conformal mesh. This may attribute to interface conformal elements near the grain boundaries that
accommodate larger crystal rotations.
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(b) Conformal FE mesh 

(a) Voxelated FE mesh 
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Figure 14. Predicted texture density plots from CP-FEM pre-
dictions using (a) voxelated and (b) conformal FE meshes. Color
scale represents the multiple times random occurrence at 10% de-
formation.
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4 Discussion

4.1 Mesh sensitivity

In FE-based simulations, mesh refinement and sensitivity can play an important role in predicting
material’s response. In order to investigate mesh sensitivities of both voxelated and conformal
meshes, three dimensional polycrystalline microstructure is created using the phase field grain
growth simulation. A total of 884,736 grids (96×96×96) are used to construct a polycrystal with
47 grains. Phase field data is then used to create FE meshes with varying element sizes. Figures 15
(a) and (b) show hierarchical refinement using both voxelated and conformal meshing approaches.
Voxelated meshes denoted as Mesh (v1) - (v5) have total numbers of 4,096 to 884,736 elements
and conformal meshes (c1- c5) have 17,730 to 1,281,856 elements as listed in Table 1.

(a) Voxelated mesh 

(b) Conformal mesh 

Mesh (v1)  Mesh (v2) Mesh (v3) Mesh (v4) 

Mesh (c1) Mesh (c2) Mesh (c3) Mesh (c4) 

Mesh (v5) 

Mesh (c5) 

y 

z x 

Figure 15. Initial finite element meshes with hierarchical refine-
ments using (a) voxelated and (b) conformal meshing techniques.

Similar to CP-FE simulations conducted in the previous chapter, each mesh is used to simulate
uniaxial tension up to 10 % deformation. Figure 16 (a) shows stress strain responses of polycrystals
having voxelated and conformal FE meshes. It is shown that the flow stress did not converge with
meshes up to 106 elements. It should be noted that CP-FEM simulations of single crystals having
the same number of elements as Figure 15 showed negligible mesh dependence on stress-strain
behavior. Thus, in polycrystalline FE simulations, numbers of elements that represent each grain
is important as well as the total number of elements representing the whole domain. Figure 16 (b)
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Table 1. Predicted flow stress and local von Mises stress values
using different FE meshes.

Mesh Total number Elements Flow stress (MPa) VM stress at 20% (MPa)
ID of elements per grain 0.2% 5% 10% min. max.
v1 4,096 87 76.7 104.2 110.6 76.3 264.2
v2 13,824 294 76.1 101.3 106.5 67.7 249.4
v3 32,768 697 75.8 99.6 103.9 65.2 258.4
v4 110,592 2,353 75.5 97.7 100.9 57.5 266.3
v5 884,736 18,824 75.3 95.6 97.4 52.2 287.3
c1 17,730 377 75.1 100.3 106.0 66.4 247.7
c2 42,922 913 74.7 97.7 102.2 62.2 257.6
c3 81,838 1,741 74.6 96.6 100.2 59.8 261.1
c4 215,714 4,590 74.6 95.3 97.9 55.3 271.9
c5 1,281,856 27,274 74.7 94.1 95.5 47.7 328.1

shows effects of mesh refinement on the yield stress (0.2 % strain offset) and the flow stress at 10
% deformation. At both strain levels, conformal mesh showed faster mesh convergence compared
to voxelated mesh. In particular, conformal mesh showed better convergence rate at low strain
level.

Figures 17 (a) and (b) show predicted von Mises stress distributions at mid z-plane after 10 %
deformation using two meshing techniques. As expected, voxelated meshes, even with very fine
FE size, could not avoid mesh-dependent pixelated stress fields near the curved boundaries. In
addition, using the similar numbers of elements, e.g. meshes (v2) - (c1), conformal mesh resolved
finer stress distributions compared to voxelated mesh.
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Voxelated FE mesh Conformal FE mesh 

(b) Flow stresses at 0.2% and 10% deformation 

(a) Stress strain responses 

Figure 16. Plots of (a) predicted stress strain responses with mesh
refinements and (b) flow stresses at 0.2 % and 10 % deformations.
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Figure 17. Predicted von Mises stress distributions at mid z-plane
after 10 % deformation using (a) voxelated meshes and (b) confor-
mal meshes.
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4.2 Anticipated impact

In addition to using phase field data to create conformal finite element meshes, Sculpt operation
in Cubit can be extended to generate interface reconstructions from various sources, e.g. elec-
tron backscatter diffraction (EBSD), Monte Carlo models or other non-conformal finite element
meshes. Figure 18 shows extended applications of the conforming meshing technique. Figure 18
(a) shows conformal mesh generated from the voxelated mesh (Exodus format) and Figure 18 (b)
represents FE mesh generated from Monte Carlo potts grain growth simulations having two phase
structure. This meshing technique can be applied to any other three dimensional computational
models or experimental data to construct interface-conformal microstructures.

(b) (a) 

Figure 18. Extended applications of the conformal meshing tech-
nique. Conformal meshes are generated from (a) voxelated finite
element mesh and (b) Monte Carlo potts grain growth simulation
results.

The current work in Case III showed mechanical simulation of three dimensional polycrystals
having 47 grains and 1.3 million elements that may not be sufficient to represent engineering
scale polycrystals. More robust performance and mesh quality will enable scaling up to realistic
numbers of grains and component-scale modeling. Figure 19 shows one example of large-scale
three dimensional polycrystalline phase field data and corresponding conformal mesh. A total
of 7,077,888 hexahedral finite element elements are used to represent 329 grains. Polycrystalline
mesh of this size have enough number of grains to represent true polycrystalline behaviors. In order
further extend this capability, large-scale parallelization in high-performance computing systems
and optimization studies to efficiently construct and simulate polycrystalline microstructure are
anticipated. Large-scale polycrystalline simulations using realistic microstructures will allow us to
investigate microstructural variability, performance and reliability of engineering applications in a
manner that requires less time and expense than conventional approaches.
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(c) Conformal FE mesh 

(a) Phase field data  (b) Grain size distribution 

Figure 19. Large-scale three dimensional polycrystalline phase
field data and conformal mesh. A total of 7,077,888 hexahedral
finite elements were used to represent 522 grains.
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5 Conclusion

Concurrent trends in a wide variety of technologies are moving towards component miniaturization
and increased realism in predictive simulations. This necessitates microstructure-aware engineer-
ing analysis capabilities for a variety of applications. In order to better incorporate microstructures
in continuum scale models, the new meshing technique described in this report uses phase field
grain growth results to create physically realistic polycrystalline meshes with hexahedral finite el-
ements. In addition, the new mesh technique constructs smooth interfaces between adjacent grains
to capture realistic grain boundary morphology.

The current work showed that the global response of the polycrystal, i.e. stress strain response
and texture, is not significantly affected by the accurate modeling of interfaces. However, localized
stress values are largely affected by the mesh near the interfaces. It is shown that voxelated mesh
near interfaces may cause large stress localizations or unrealistic stress distributions. This effect
became more pronounced with the increased complexity of the microstructure. Thus, FE models
that consider localized events such as damage, crack and fracture, may require using interface
conformal mesh.

This effort will deliver a practical computational capability based on materials science needs,
and will enable more realistic engineering-scale simulations of polycrystalline metals for a variety
of applications. Further extension of this work will anticipate fundamental materials design and
synthesis of application-optimized microstructures.
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